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Abstract
Traditional methods of typing Vibrio cholerae deﬁne virulent strains according to their recognition by sera directed against the known
epidemic serogroups O1 and O139, overlooking potentially virulent non-O1/non-O139 strains. Here, we have undertaken the charac-
terization of eight clinical isolates of non-O1/non-O139 V. cholerae, collected during cholera outbreaks in Brazil. Seven of these were
typed as O26 and one, 17155, was deﬁned as non-typable. A PCR-based approach has previously detected in these strains several viru-
lence genes derived from the CTXu prophage and generally associated with pathogenic strains. Here, the presence of the O1-speciﬁc
wbeN gene was investigated through PCR and found to be restricted to strain 17155, as well as one of the O26 strains, 4756, although
neither strain was recognized by O1-speciﬁc antisera. The same two isolates were the only strains able to express the cholera toxin in
culture, assayed by western blotting. They also possessed four repeats of the heptanucleotide TTTTGAT upstream of the ctxAB genes
encoding the cholera toxin. The remaining strains possessed only two intact repeats, whereas pathogenic O1 possessed four to six
repeats. To deﬁne their evolutionary relationships, selected 16S–23S intergenic rRNA spacer regions were sequenced from the various
strains and the resulting sequences used to build phylogenetic trees. Strains 4756 and 17155 always clustered with control O1 strains,
whereas the remaining O26 strains clustered separately. These results conﬁrm that, despite their serological phenotype, these two
strains are genotypically related to O1 strains and potentially able to produce epidemic cholera.
Keywords: 16S–23S rRNA intergenic sequence, cholera, serogroup conversion, Vibrio cholerae non-O1/non-O139, virulence genes
Original Submission: 30 May 2008; Revised Submission: 1 December 2008; Accepted: 13 January 2009
Editor: P. Tassios
Article published online: 18 May 2009
Clin Microbiol Infect 2010; 16: 62–67
Corresponding author and reprint requests: O. P. de Melo
Neto, Departamento de Microbiologia, Centro de Pesquisas Aggeu
Magalha˜es/Fiocruz, Av. Moraes Rego s/n, Campus UFPE, Recife, PE
50670-420, Brazil
E-mail: opmn@cpqam.ﬁocruz.br
Introduction
Cholera is an infectious and acute human intestinal disease
transmitted predominantly through contaminated water. Its
aetiologic agent is Vibrio cholerae, classiﬁed serologically
through recognition of the O antigen, a diverse thermostable
polysaccharide. Numerous serogroups have been identiﬁed,
but for a long time only serogroup O1 was believed to cause
epidemic cholera. In 1992, however, a second serogroup,
O139, was found to display all the pathogenic features asso-
ciated with the disease (for reviews, see [1,2]).
The pathogenicity of V. cholerae O1 involves a number of
virulence elements as well as the cholera toxin (CT), its main
toxic factor [2]. The V. cholerae virulence genes are mostly
clustered and can be transmitted horizontally between
strains [3]. The genes which encode the two CT subunits,
the ctxAB genes, are localized within the core region of the
lysogenic CTXu prophage, along with other genes, such as
zot and ace, also encoding enterotoxic proteins [3–5]. The
expression of the virulence genes involves the activity of the
transcriptional regulator ToxR, which binds to a repeated
heptanucleotide motif (TTTTGAT), localized between the
zot and ctxA genes, to activate the transcription of the ctxAB
genes [6,7]. Epidemic strains of serogroups O1 and O139
possess three or more copies of this heptanucleotide, but
strains which do not express CT possess only two [8].
Vibrio cholerae non-O1/non-O139 strains, classiﬁed as non-
epidemic, can contain virulence genes from the CTXu pro-
phage [9,10]. These may be acquired through horizontal
transfer or, alternatively, O1/O139 strains may be modiﬁed,
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leading to serogroup conversion [11] (reviewed in [12]). Syn-
thesis of the O antigen is mediated by a large gene cluster
(wbe cluster for O1 strains) which can change substantially
between serogroups [13].
An alternative option for the phylogenetic classiﬁcation of
closely related bacterial strains is the sequencing of molecu-
lar markers, such as the 16S–23S intergenic spacer region
(ISR) from the bacterial ribosomal rRNA (rrn). This region
contains variable sequences ﬂanked by more conserved ele-
ments which encode the rRNAs. The variability within the
ISR allows the discrimination of closely related taxonomic
categories [14]. With the sequencing of the genome of the
V. cholerae strain N16961, O1 El Tor, eight rrn operons were
identiﬁed and named as rrna to rrnh [15]. The corresponding
ISRs (ISRa to ISRh) have been organized into ﬁve classes
according to size polymorphism and the presence or absence
of speciﬁc tRNA genes [16].
In a previous study, 179 non-O1/non-O139 V. cholerae
strains were reported to have been isolated from human
sources during cholera outbreaks in Brazil between 1991 and
2000 [17]. Fourteen of these represented samples typed as
O26 and included seven strains found, by PCR, to contain the
gene ctxA plus two other genes from the CTXu prophage, zot
and ace. Another sample, deﬁned as not typable, was also
found to contain the same set of CTXu genes. Here we
report a detailed molecular analysis of these eight strains.
Materials and Methods
Bacterial strains
The seven V. cholerae O26 strains and the non-typable strain
(17155) belong to the collection of the National Reference
Laboratory for Cholera and Enteric Diseases at the Instituto
Oswaldo Cruz (IOC), Rio de Janeiro, and have been previ-
ously described [17]. Clinical strain O1, classical biotype
(569B), and environmental strain O1, El Tor biotype (63),
also available at the collection, were used as controls.
Culture conditions and agglutination test
Stocks of each strain were reactivated by growth in alkaline
peptone water (APW) media and plated onto thiosulphate cit-
rate bile sucrose (TCBS) agar plates. Isolated, sucrose-positive
colonies were seeded into APWmedia, and grown at 37 C for
24 h for DNA extraction. Alternatively, colonies were inocu-
lated into AKI media (1.5% Bacto-Peptone, 0.4% yeast extract,
0.5% NaCl, 0.3% NaHCO3), as previously described [18], for
induction of CT expression. Strains of V. choleraeO1 were con-
ﬁrmed by agglutination with an anti-O1 polyclonal antiserum
(from the National Reference Laboratory for Cholera, IOC).
Cholera toxin expression analysis
Bacterial cultures grown in CT-inducing conditions were cen-
trifuged to pellet the cells and the supernatant incubated with
5% trichloroacetic acid (TCA) in ice for 2 h. Precipitated pro-
teins were harvested, washed with ice-cold acetone and resus-
pended in SDS-PAGE sample buffer. Samples were separated
on 20% polyacrylamide gels and blotted unto polyvinylidene
diﬂuoride (PVDF) membranes. Standard western blotting pro-
cedures were carried out using a rabbit polyclonal antiserum
directed against subunit A of CT, diluted 1 : 40 000, and per-
oxidase-coupled anti-rabbit IgG diluted 1 : 15 000.
DNA extraction and PCR
Total genomic DNA was extracted as described [19]. Ampli-
ﬁcation of the O1-wbeN (originally called rfbN) gene fragment
was performed using the primers GTTTCACTGAACA
GATGGG and GGTCATCTGTAAGTACAAC, previously
described [20,21] and the identity of the ampliﬁed frag-
ment was conﬁrmed through sequencing. The fragment
encompassing the zot–ctxAB genes and intergenic region was
ampliﬁed using the primers zotF (GCTATCGATATG
CTGTCTCCTCAA [19]) and ctxAR (primer M 277 ACA
GAGTGAGTACTTTGACC [11]). Sequencing of the inter-
genic region was performed with the primer TCTATC
TCTGTAGCCCCTATTACG [22]. For the ampliﬁcation of
the 16S–23S ribosomal RNA ISRs, primers previously
described [23] ﬂanked by sites for PstI EcoRI (primer 5¢ TTT
CTGCAGYGGNTGGATCACCTCCTT, primer 3 ACGAA
TTCTGACTGCCMRGGCATC A; restriction sites under-
lined) were used and the resulting fragments cloned prior to
sequencing as described below.
Cloning and sequencing of ISRs
Intergenic spacer region PCR products were digested with
PstI and EcoRI and ligated into the same sites of pGEM3zf+
(PROMEGA). After transformation into Escherichia coli
DH5a, 50 clones were picked for each strain and used for
the extraction of plasmid DNA according to standard
procedures. Digestion with PstI and EcoRI was used to esti-
mate the sizes of the inserts. Recombinant plasmid clones
were selected in order to maximize the presence of ISRs
from the various V. cholerae ribosomal (rrn) operons and sub-
mitted to automatic sequencing. For each ISR sequence a
minimum of two independent plasmid clones were
sequenced, generally from two independent PCR reactions.
Sequence analysis and accessions
The ISR sequences produced here were ﬁrst used in pair-
wise BLAST comparisons with previously deﬁned individual
ISR sequences [16] to conﬁrm the operon identity.
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Sequences for the eight rrn operons, and corresponding ISRs,
from V. cholerae O1, El-Tor (N16961; accession no.
AE003852) and classical (O395; accession no. CP000627)
strains were recovered from GenBank and identiﬁed like-
wise. Nucleotide sequences were then aligned with ClustalW
[24] and phylogenetic analyses conducted with MEGA, Version
4 [25], using the neighbour-joining method and a bootstrap
of 10 000 replicates. The accession numbers for the Vibrio
mimicus ISR sequences used (from [23]) are: ISR-B
AF114746; ISR-C AF114749; ISRh AF114747. ISR sequences
produced in this study for the various ISRs from nine strains
(2494, 3340, 4010, 4756, 6958, 11159, 13151, 17155 and 63)
were deposited in GenBank with the following accession
numbers: ISRa EU779784, EU779785, EU779786, EU779787,
EU779788, EU779789, EU779790, EU779791, EU779792;
ISR-B EU779757, EU779758, EU779759, EU779760,
EU779761, EU779762, EU779763, EU779764, EU779765;
ISR-C EU779766, EU779767, EU779768, EU779769,
EU779770, EU779771, EU779772, EU779773, EU779774, and
ISRh (missing seven nucleotides from its 5¢ end and 10 nucle-
otides from its 3¢ end) EU779775, EU779776, EU779777,
EU779778, EU779779, EU779780, EU779781, EU779782,
EU779783. The sequences derived from the zot–ctxAB inter-
genic regions were processed likewise and deposited with
accession numbers EU779793, EU779794, EU779795,
EU779796, EU779797, EU779798, EU779799, EU779800 and
EU779801.
Results
Typing of V. cholerae strains through ampliﬁcation of an
O1-speciﬁc gene fragment
As a ﬁrst approach to compare the genetic relationships
between the eight V. cholerae strains selected for this study
(seven from the O26 serogroup, 2494, 3340, 4010, 4756,
6958, 11159 and 13151, plus the strain deﬁned as non-ty-
pable, 17155) with pathogenic O1 strains, the presence of
an O1-speciﬁc fragment derived from the wbeN gene was
investigated by PCR. Total genomic DNA from these
strains plus two control O1 strains (569B and 63) were
used in the ampliﬁcation reactions. Two strains, 17155 and
4756, and the positive controls produced the 192-bp frag-
ment diagnostic of the presence of the O1-wbeN gene
(not shown). This is by sharp contrast with what is
observed in conventional agglutination tests performed
with a reference O1 antiserum used for the diagnosis of
V. cholerae, in which strains 17155 and 4756 behave like
the other O26 strains and do not produce an agglutination
reaction (not shown).
Cholera toxin expression analysis and investigation of the
ctxAB upstream region
To assay for CT expression, the eight strains were cultivated
in conditions known to induce the toxin’s expression in
V. cholerae O1. Culture supernatants were harvested and
blotted with an antiserum directed against the toxin’s subunit
A. Only strains 4756 and 17155 were able to express the
toxin (Fig. 1a). Next, it was decided to verify the number of
copies of the heptanucleotide TTTTGAT repeat in the inter-
genic region between the zot and ctxAB genes and correlate
it with the CT expression pattern. A 1908-bp fragment
encompassing fragments of the zot and ctxA genes plus the
whole intergenic region was ampliﬁed from the selected
strains and the zot–ctxAB intergenic region sequenced. An
alignment of the segment encompassing the heptanucleotide
repeats from the various strains was carried out as shown in
Fig. 1b. The lack of CT expression in six strains (2494, 3340,
4010, 6958, 11159 and 13151) correlates with the presence
of only two intact copies of the repeat (a third copy is
mutated to TTCTGAT), whereas strains 4756 and 17155
contain four intact repeats, identical to the environmental
O1 strain 63 (El Tor biotype). By contrast, the 569B O1
strain, of the classical biotype, contains six intact copies of
the heptanucleotide.
Ampliﬁcation proﬁle of the 16S–23S rRNA ISR
In order to compare the real phylogenetic relationships
between the strains included in this study and known
V. cholerae O1 strains, we investigated the ampliﬁcation pro-
ﬁles of their ISRs. When genomic DNA from the eight
strains targeted in this study was used for the ISR ampliﬁca-
tion, a single proﬁle was observed, identical to the control
V. cholerae O1 strain 63 (not shown). The resulting PCR frag-
ments were in agreement with the predicted sizes for the
ﬁve ISR classes (ISRa, ISR-B, ISR-C, ISRg and ISRh), based
on the N16961 genome, with the exception of the larger
fragments, which migrated with apparent sizes shorter than
predicted for ISRg and ISRh (not shown).
Sequence and phylogenetic analyses of the ISRs
The various ISRs from each strain were then cloned and
sequenced and, with the exception of ISRg, which was not
cloned from some of the strains and will not be discussed
further, representative sequences from the other four classes
were obtained for all strains under study. Sequences pro-
duced from the same ISR class were aligned and compared
with equivalent sequences derived from strain N16961. As
Table 1 shows, ISRa sequences had two substitutions (posi-
tions 230 and 400) which differentiate the CT-producing
strains (4756 and 17155 plus the O1 strains 63 and N16961)
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from the remaining O26 strains (2494, 3340, 4010, 6958,
11159 and 13151). The results shown for ISRa are represen-
tative of those observed for the three remaining ISR classes.
Cholera toxin-producing and non-producing strains could
always be discriminated by at least two nucleotide variants
and the sequences of the 4756 and 17155 ISRs were identi-
cal to those from O1 strains. These results can be seen bet-
ter through phylogenetic trees generated for representative
ISRs (Fig. 2). In the resulting trees for ISR-B (Fig. 2a), ISR-C
(Fig. 2b) and ISRh (Fig. 2c), strains 63, 4756, 17155 and
N16961 always clustered together. The remaining O26
strains clustered separately and displayed a greater degree of
genetic variability between the strains. Overall, the sequenc-
ing results conﬁrm the close relationship between strains
4756 and 17155 and the O1 strains.
Discussion
The results presented in this study support a close associa-
tion between strains 4756 and 17155, and V. cholerae O1
strains. This is supported by the presence of the O1-speciﬁc
wbeN fragment, their ability to express CT and the presence
of four copies of the heptanucleotide in the zot–ctxAB inter-
genic region (indicating a close relationship to the CTXu
prophage), as well as the ISR sequence analysis.
The lack of recognition of strains 4756 and 17155 by the
O1 antiserum, despite the presence of the O1-speciﬁc wbeN
fragment, is indicative of differences in the O antigen biosyn-
thetic cluster, although this fragment has been shown previ-
ously to be able to discriminate between serogroups O1 and
O139 [20] .
The data also highlight the existence of a second distinct
set of O26 strains which, although classiﬁed in the same
serogroup as strain 4756, differ remarkably, both in their
TABLE 1. Summary of the nucleotide substitutions identiﬁed
within ISRa from the Vibrio cholerae strains investigated in
this study. ISRa from strain N16961 contained a 60-bp
insertion absent from the sequences produced in this study,
including the O1 strain 63 as well as sequences previously
reported for ISRa (not shown), which has been omitted from
this analysis. Cholera toxin-producing/O1 strains are shown
in bold
Strains
Variable positions in ISRa
230 400
2494 A A
3340 A A
4010 A A
4756 T G
6958 A A
11159 A A
13151 A A
17155 T G
63 T G
N16961 T G
(b)
CT 33
40
40
10
47
56
17
15
5
24
94
69
58
111
59
13
15
1
(a)
FIG. 1. Expression analysis of the cholera toxin (CT) and sequence alignment of the zot–ctxAB intergenic region from different strains. (a) Wes-
tern blot showing the expression of the subunit A of CT in the culture supernatant from Vibrio cholerae strains grown under conditions known
to induce CT synthesis. As positive control 1 ng of recombinant cholera toxin was used. (b) ClustalW alignment of the zot–ctxAB intergenic
region, from the ﬁrst nucleotide after the zot open reading frame to the )35 element of the ctxAB promoter, from the different V. cholerae
strains shown in (a). The segment containing the multiple copies of the heptanucleotide TTTTGAT is highlighted. Notice a T/C substitution
which modiﬁes the third heptanucleotide in most of the V. cholerae O26 strains.
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genetic background as well as in the origin of the CTXu
prophage (two intact copies of the heptanucleotide).
Different V. cholerae serogroups and strains have been
shown to vary signiﬁcantly in terms of genetic background,
degree of relationship to O1 serogroup, and the presence of
CTXu and vibrio pathogenicity island-associated genes
[11,26], possibly in consequence to interchanges of mobile
DNA segments (reviewed in [27]). The mechanism of sero-
group conversion between V. cholerae strains can involve
recombination through conserved sequences ﬂanking the O
antigen biosynthetic cluster [28]. So far, the evidence pre-
sented here indicates the possibility of serogroup conversion
of strains 4756 and 17155 from O1 to non-O1 serogroups,
with the concomitant maintenance of O1-speciﬁc genes in the
wbe cluster, although at this stage it is not clear if the presence
of the wbeN fragment is indicative of the active full-length
gene. The presence of CTXu-related genes in the remaining
O26 strains could be explained by independent horizontal
transfer of the CTXu prophage to these strains. The features
in the wbe gene cluster from unrelated strains that are respon-
sible for the O26 serogroup phenotype are still to be deﬁned.
This work once again highlights the importance of
sequencing ISRs as a tool to deﬁne phylogenetic relationships
between closely related organisms. In V. cholerae, this
approach has been used recently to sort the relationships
between O139 strains and O1 strains isolated before and
after the 1992 cholera epidemics in India, produced by the
then-novel O139 strain [16]. A striking difference between
that study and the present work concerns the earlier study’s
lack of an informative sequence for ISRa. Here, all ISRs stud-
ied were informative and supported the same conclusion,
although ISRh, because of its larger size and variability, pro-
duced more robust results, with more substitutions shared
within the two clusters identiﬁed.
The present work draws attention to the methods
routinely used for the diagnosis and typing of V. cholerae
strains. These rely mainly on the agglutination reaction with
sera produced against O1 and O139 antigens. Non-O1/non-
O139 strains can be discarded or not considered for further
evaluation of their pathogenic potential. Aside from the
agglutination reaction, and especially in cases when agglutina-
tion produces a negative result, complementary methods
such as multiplex PCR for the simultaneous detection of the
ctxA and O1-speciﬁc wbeN fragment [21] can and should be
used in laboratory identiﬁcation of recently isolated V.
cholerae strains. As evidenced here, it is possible that new
toxigenic V. cholerae strains with epidemic potential may
emerge in the future.
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FIG. 2. Evolutionary relationship of various Vibrio cholerae strains based on the sequences of selected intergenic spacer regions (ISRs). Neigh-
bour-joining trees based on the alignment of the sequences from the eight V. cholerae strains included in this study plus the control O1 strain
(63) and the O1 El-Tor strain, the genome of which has been sequenced [15] (N16961). As outgroups, sequences previously published [23] from
Vibrio mimicus ISRs (strain RC5 for ISR-B and ISRh; strain RC55 for ISR-C) were included. Bootstrap values are shown next to the relevant
branches (10 000 replicates). Trees are generated from (a) ISR-B, (b) ISR-C and (c) ISRh.
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